ABSTRACT: For 48 years ͑1952-2000͒ the south half of Lac Saint-Pierre, a widening of the St. Lawrence River between Montreal and Quebec, was used as an experimental firing range. Some 500,000 shells were fired into the lake, of which about 8000 are thought to contain energetic material. Approximately 2000 projectiles are considered as unexploded explosive ordnance ͑UXO͒. Furthermore, the lake itself is potentially the recipient of other contaminants associated with industrial wastes and agricultural runoff. The Canadian Department of National Defence, in order to research appropriate clearance approaches programs, instigated a large sediment transport study ͑sediment trend analysis or STA͒ to determine both sediment and contaminant sources and sinks and to assess the possible environmental consequences of various clearance options. STA is an empirical technique whereby patterns of sediment transport and dynamic behavior are derived from relative changes in grain-size distributions. About 1000 samples were collected at 500 m spacing encompassing the entire firing range. The lake bottom contained a complex number of sediment types ranging from "ancient" late glacial deposits, recent mud and sand, and a variety of mixtures. The STA identified the significance of the late glacial deposits as the dominant source for the sediments contained in the lake. The latter showed complex patterns of transport that originated from the ancient sediments and terminated on well-sorted sand. The findings demonstrated that anthropogenic contaminants were unlikely to be deposited in the lake sediments, or if they were, self-cleaning by natural processes would likely be rapid. Furthermore, trace metals were strongly associated with the ancient sediments evidently originating from an underlying anaerobic black shale formation. The STA provides an important framework to understand the chemistry of the sediments and their dynamics and helps to define the context within which the UXO clearance and environmental remediation options can be developed.
Introduction
From 1952 to 2000, the south half of Lac Saint-Pierre ͑Fig. 1͒ has been utilized as a Department of National Defence ͑DND͒ experimental firing range. During that time about 500,000 projectiles were fired into the lake, 300,000 of which are likely to be still there. Approximately 8000 of these are thought to contain energetic materials to some degree ͑i.e., a fuse or booster͒, while 2000 projectiles still contain all their components and for unknown reasons failed to function as designed. The latter is defined as unexploded explosive ordnance ͑UXO͒ and represents a high risk of initiation. As such, Lac Saint-Pierre has been identified as a legacy site under a DND UXO and Legacy Sites Program that works to reduce explosive safety risks through a combination of property controls, assessment surveys, UXO clearance operations, and public education.
DND is currently researching the available technologies associated with clearance techniques, a crucial and significant component of which is to undertake an extensive environmental assessment of the lake and its firing range. As part of a major environmental sampling and analytical testing program carried out over the past few years, DND had an additional requirement to assess the present sediment transport regime operating in the lake. This report describes the technique and results of a sediment trend analysis ͑STA͒ that is designed, at least partly, to fulfill that requirement.
STA itself is a technique whereby patterns of net sediment transport are determined from relative changes in the grain-size distributions of any "transport-derived" deposit. In addition, the technique en-ables the dynamic behavior of the sediments to be determined ͑i.e., net erosion, net accretion, dynamic equilibrium, etc.͒. The objectives of the project were to ͑1͒ identify, based on sediment texture, the nature and extent of all the sedimentary environments present in the lake; ͑2͒ determine the transport pathways ͑net sediment movement͒ and the dynamic behavior of the bottom sediments; ͑3͒ identify the sediment sources and sinks; ͑4͒ explore the relationship between sediment dynamics and previously measured levels of trace metals and anthropogenic compounds contained in the sediments; and ͑5͒ discuss the significance of the findings with respect to the DND UXO and Legacy Sites Program.
Sediment Trend Analysis (STA)
The theory of STA, first published by McLaren and Bowles ͓1͔, demonstrated that when two sediment samples ͑d 1 and d 2 ͒ are taken sequentially in a known transport direction ͑for example, from a river bed where d 1 is the up-current sample and d 2 is the down-current sample͒, the sediment distribution of d 2 may become finer ͑case B͒ or coarser ͑case C͒ than d 1 ; if it becomes finer, the skewness of the distribution ͑a measure of asymmetry͒ must become more negative. Conversely, if d 2 is coarser than d 1 , the skewness must become more positive. The sorting will become better ͑i.e., the value for variance will become less͒ for both cases B and C. If either of these two trends is observed, sediment transport from d 1 to d 2 can be inferred. If the trend is different from the two acceptable trends ͑e.g., if d 2 is finer, better sorted, and more positively skewed than d 1 ͒, the trend is unacceptable, and it cannot be supposed that transport between the two samples has taken place.
In the above example, where the transport direction is unequivocally known, d 2 ͑s͒ can be related to d 1 ͑s͒ by a function X͑s͒ where "s" is the grain size. The distribution of X͑s͒ may be determined by
X͑s͒ provides the statistical relationship between the two deposits, and its distribution defines the relative probability of each particular grain size being eroded, transported, and deposited from d 1 to d 2 . It is the shape of the X͑s͒ distribution relative to the shapes of the d 1 ͑s͒ and d 2 ͑s͒ distributions that determines the dynamic behavior ͑stability͒ of the sediments, which, in turn, indicates the probable behavior of particleassociated contaminants ͑Table 1͒.
There is now a very large body of literature that uses or discusses STA ͓3-10͔, and as a result, there are a number of methods that have been developed to apply the theory to derive transport pathways. Many
FIG. 1-Location map of Lac Saint-Pierre and the firing range boundary.
of these methods utilize a "black-box" model approach that may not always be successful ͓11͔. For this project we applied a strictly empirical approach that is fully described in the Appendix of the paper by McLaren and Beveridge ͓2͔.
Methods

Data Requirements
STA attempts to determine patterns of sediment transport over the area of interest through the particle-size analysis of a large number of sediment grab samples collected on a uniformly spaced grid. The sampling plan for this study ͑Fig. 2͒ utilized an isotropic regular triangular grid of 500 m spacing. It was chosen to cover the firing range in total ͑approximately 23ϫ 7 km 2 ͒, as well as to include the dredged navigation channel down the middle of the lake ͑the St. Lawrence Seaway͒, a small portion of the unshelled bottom on the north side of the channel, and a few kilometers up each of the Nicolet and St-François Rivers, both of which drain into the lake. Because sample location generation is automatic, some areas, such as the narrow dredged navigation channel and the dredged material disposal sites, can result in an inadequate sample coverage, in which case extra samples can be ͑and were͒ taken during the course of the field program.
Field Methods
Sediment grab samples were collected during two periods in 2007, from March 1 to 15 and from April 30 to May 25. The earlier sampling period, in which about 400 samples were collected, utilized Argo allterrain-vehicles working from the frozen lake surface. The remaining samples were obtained by boat. Because of safety protocols, each sample site was screened for metallic anomalies prior to the deployment of the grab sampler. The latter was a small hand-held Van-Veen type that had certain modifications to allow deployment through a 10 in. diameter hole in the ice. This device collects the top 10-15 cm of sediment. Contaminant levels decrease down the transport path and are dispersed to areas of deposition.
͑2͒ Net accretion
The mode of X͑s͒ is finer than the modes of d 1 ͑s͒ and d 2 ͑s͒. More grains are deposited than eroded and accretion occurs down the transport path.
Contaminant levels increase down the transport pathway.
͑3͒ Dynamic equilibrium
The modes of all three distributions are the same. The probability of finding a particular grain in the deposit is equal to the probability of its transport and redeposition ͑i.e., there is a grain by grain replacement along the transport path͒. The bed is neither accreting nor eroding and is therefore in dynamic equilibrium.
Contaminated sediment will move down the transport pathway while remaining as a coherently defined hotspot.
͑4͒ Total deposition ͑Type 1͒
The X͑s͒ distribution increases monotonically over the complete d 1 ͑s͒ and d 2 ͑s͒ distributions. Sediment fines in the direction of transport; however, the bed is no longer mobile. Once deposited, there is no further transport.
Contaminated sediments form localized hotspots that undergo no further transport
X͑s͒ is horizontal. This type of X-distribution is found only in extremely fine sediments when the mean grain-size is very fine silt or clay. Such sediments are usually found "far" from their source ͑compared with total deposition ͑Type 1͒ sediments͒. Deposition is no longer related strictly to size sorting. There is an equal probability of all sizes being deposited down the transport path.
Contaminated particles have an equal probability of being deposited anywhere in this type of environment. Hot spots do not form; rather there is a ubiquitous background level of contaminant concentrations. ͑Not present in this study͒ a See the Appendix in McLaren and Beveridge ͓2͔ for full explanation.
Navigation to and positioning of sample locations were carried out using differential global positioning system instrumentation ͑Trimble DSM212L͒ to a nominal accuracy of 1.0 m. In most instances, samples were obtained at predetermined locations; however, where the shoreline configuration or the presence of potentially dangerous metallic anomalies precluded dropping the grab, samples were collected as close as practicable to the planned position. On occasion the grab sampler failed to retrieve a sample, usually the result of strong currents, a scoured bottom, or an impenetrable aquatic weed growth. Following a minimum of three attempts to retrieve a successful sample, the site was abandoned and designated as "hard ground." In the event that a stratigraphic change in sediment type could be observed, a sample of each facies was collected. All easily observed features concerning each sample were recorded. The actual positions of all samples are shown in Fig. 2 . Representative samples from each successful grab were stored in plastic bags and transported to the GeoSea laboratory in Brentwood Bay, BC, for grain-size analyses.
Grain-Size Analyses
All samples were analyzed for their complete grain-size distribution using a Malvern MasterSizer 2000 laser particle sizer. The laser-derived distributions were combined with sieve data for particles larger than 1500 m in diameter using a merging algorithm.
Physical Setting
Lac Saint-Pierre constitutes a widening of the St. Lawrence River lying between Sorel and Trois-Rivières. It is contained within the St. Lawrence Valley lowlands, which are underlain principally by Ordovician limestone; however, other formations are present, notably the middle Ordovician Utica Shale that underlies huge areas of the St. Lawrence Valley and New York state ͓12͔. Overlying the bedrock is a complex surficial stratigraphy that identifies at least three glacial events and their interglacial periods ͓13͔. At the time of the final deglaciation about 12,000 years ago, much of the region was covered by one or more proglacial lakes, followed by an inundation of salt water known as the Champlain Sea. Both lakes and sea left widespread deposits of glacial flour composed of clay-and silt-sized particles of bedrock produced by the grinding action of ice. In Lac Saint-Pierre these early Holocene deposits ͑referred to generically as Champlain mud͒ were particularly smooth and consolidated, exhibiting a light gray to nearly white color and an absence of any biota. In contrast, recent mud appeared as dark brown, often contained whole or broken pelecypod shells, and was relatively unconsolidated.
Occupying about 480 km 2 , the lake is characterized by its extreme shallowness ͑generallyϽ 3 m͒ except for the dredged navigational channel, which is maintained at about 11 m. The St. Lawrence River provides the largest proportion of water entering the lake with a mean annual discharge of 10 900 m 3 / s. At the lake's downstream end, the discharge is typically higher ͑11 600 m 3 / s͒, the result of several rivers, notably Rivière du Loup and Rivière Yamachiche on the north side and the Richelieu, Yamaska, StFrançois, and Nicolet rivers on the south side. Within the dredged channel, flow velocities can be quite large ͑from 0.6 to 1 m/s͒; however, they are at least reduced to half over the surrounding shallows ͓14͔.
Lake level data from Environment Canada show large fluctuations at various temporal scales. Monthly mean levels may be as much as 2 m between lows and highs, the latter being typically highest in April and the lowest levels in August or September. As a result, the low-lying shores of the lake form the largest area of wetland habitat present on the St. Lawrence River. With declining lake levels from spring into summer the shoreline may advance more than 2 km, revealing large areas of aquatic grass beds ͓14͔.
An examination of hourly levels reveals the influence of a small but clearly defined tide. At times of low lake level tidal range varies from 8 to 17 cm, whereas when the lake is high the tide is reduced from 2 to 8 cm. Hydrographs show the tide to alternate between a low range and a high range, and typical of estuaries, the incoming flood occurs rapidly compared to the longer and comparatively slower return of the ebb flow.
Lac Saint-Pierre is subject to numerous high winds that are strongest and most frequently aligned parallel to the lake ͑i.e., NE and SW͒. Using 2006 as an arbitrarily selected year, it was found that northeast winds dominated for 5 months ͑January, April, May, June, and November͒, with the remaining months favoring southwest winds. In all the hourly recordings during 2006, peak winds reached 70 km/h on two occasions, once from the NE and once from the SW. Winds were greater than 40 km/h for about 4 % of the time. At this magnitude winds are able to generate waves from 0.60 m high to 1.10 m outside the shipping channel and nearly 2 m high in the channel, resulting in significant bottom currents capable of eroding silt at 2.5 m depth or sand at 1.8 m depth ͓14͔.
Each year the lake is subject to freezing. Ice may reach 80 cm thick, and for much of the winter ͑from January to March͒ it is landfast from the shoreline to the navigation channel, which is kept open by the ice-breaking operations of the Canadian Coast Guard ͓15͔. A considerable area of the wetlands, therefore, is subject to the effects of an ice-foot, the region of ice cover that is frozen directly to the nearshore bottom.
Analytical Results-Grain-Size Analyses
The size analyses of the 1015 samples ͑12 sites were hard ground͒ collected from the study area reveal that four principal sediment types are common, namely sand, muddy sand, sandy mud, and mud ͑Table 2͒. Of these, muddy sand and sand are fairly equal in quantity ͑about 32 %͒, followed by sandy mud ͑24 %͒, and mud ͑10 %͒. A map of the sediment types is shown in Fig. 3 .
Samples that had been identified during the field program as Champlain mud were observed to contain at least two unique characteristics when compared to the distributions of all the other sediment types. First, they were the only samples to be trimodal, with peaks at 2 phi ͑medium sand͒, 8 phi ͑very fine silt͒, and 13 phi ͑clay͒, and second, they were the only samples to contain the clay-sized mode, the finest size for all other samples being at 10.5 phi ͑Fig. 4͒. The largest proportion of Champlain mud samples was collected offshore from the Nicolet River and in Baie-du-Febvre ͑Fig. 5͒.
Patterns of Sediment Transport
Following the procedures described in McLaren and Beveridge ͓2͔ to obtain patterns of sediment transport, it was found that all samples could be accounted for in 237 lines ͑i.e., sample sequences in which statistically acceptable trends were obtained͒. 3 The net sediment transport pathways are shown in Fig. 6 . For ease of discussion, the transport lines have been grouped into eight transport environments ͑TEs͒, starting from TE1 in the St-François River and extending northeastwards across the firing range to TE8 in the Nicolet River ͑Fig. 7͒. A TE is defined as an area within which transport lines are associated both geographically and "behaviorally." Transport lines cannot be continued from one TE into another, and so a region in which transport lines naturally end ͑and begin͒ forms a boundary between TEs. A summary of the numbers of lines and dynamic behavior within each of the TEs is provided in Table 3 . 3 For the sake of publishing brevity, neither the full grain-size distributions nor the statistics showing the R 2 value and Z-score ͓2͔ for each line are included within this paper. These data may be made available from the first author on request. 
Sediment Sources
With the possible exceptions of TEs 2 and 3 ͑Fig. 7͒, there is no indication from the sediment trend pathways of either the St. Lawrence River or the tributaries providing significant sediment inputs into the study area. The sources for essentially all the sediments within the firing range appear to be from the bottom of the lake itself in three distinct and localized "parting zones 4 " that are seen in TEs 4, 6, and 7 ͑Fig. 8͒.
Two of the three parting zones ͑P2 and P3͒ are located directly over the areas of the previously described early Holocene ͑"ancient"͒ Champlain mud deposits ͑compare the locations of P2 and P3 in Fig.  8 with the Champlain mud sample locations in Fig. 5͒ . Although no Champlain mud was found associated with P1, the random scatter of Champlain mud samples found elsewhere across the firing range ͑Fig. 5͒ suggests that this ancient deposit is never far below the surface of the lake bed. It can be reasonably 4 The term "sediment parting zone" was first introduced by Stride ͓38͔. Found commonly in estuaries, a parting zone is an area of bottom out of which sediments are transported.
FIG. 5-Locations of Champlain mud samples.
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assumed that P1 must also be situated at a location where the Champlain mud is not far below the layer of "active" sediments that are representative of today's transport regime.
As shown in Fig. 9 , the range of sizes present in the Champlain mud is clearly available for all the other sediment types. Furthermore, the deposits themselves are perfectly related to each other with respect to STA theory. Progressing from fine to coarse ͑i.e., from the Champlain mud through to the recent mud, sandy mud, muddy sand, and to sand ͑Fig. 9͒͒, the distributions become increasingly coarser, better sorted, and more positively skewed than its predecessor, a requirement that is met when a high-energy, coarsening transport regime has occurred from one sediment to the next ͓1͔. It is noted that the clay tail present in the Champlain mud ͑Fig. 9͒ is entirely absent in the distributions of the active sediments. This tail is likely totally removed with the initial erosion of the Champlain mud, its extreme fineness ͑modal size = 0.12 m͒ precluding any further possibility of deposition. Likely these clay-sized particles remain in suspension until they are removed from the lake altogether in the normal flow of the river.
These relationships are visibly evident when the transport pathways are superimposed onto the sediment types ͑Fig. 10͒. Most of the derived transport pathways originate in mud and terminate on the sand bodies, crossing over each sediment type in the coarsening order listed in the legend of Fig. 9 . The coarsest sediment ͑Sand͒ has a modal size that is identical to the sand mode present in the Champlain mud ͑Fig. 9͒, providing further convincing evidence that the extreme end members of the five sediment types have a source-deposit relationship with each other. When a single sample line produces significant Z-scores for both net accretion and net erosion in the same transport direction, it is designated as mixed case. Such an occurrence suggests that the line must be essentially in dynamic equilibrium as neither erosion nor accretion is favored. Fig. 3 ).
FIG. 7-TEs as determined from the STA.
FIG. 9-Average grain-size distributions of all sediment types found in the study area (see
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According to research scientists ͓16͔ at Environment Canada, St. Lawrence Centre, dredged material disposal operations carried out during the dredging of the St. Lawrence Seaway in the 1950s may account for the supply of Champlain mud sediments in at least two of the three parting zones. However, no supporting literature could be found, and there is no morphological evidence for significant eroding mounds of sediment at any of the parting zone sites. Most of the sediment pathways are indicative of net erosion ͑Table 3͒, suggesting that there is a rapid dispersal of sediments throughout the lake and it is unlikely that dredged material could have remained a constant source since the 1950s. Furthermore present disposal sites for maintenance dredging ͑Fig. 1͒ also do not remain as mounds, and their dispersal is evidently sufficiently rapid that separate sediment signatures associated with the sites were not apparent from the trend analysis.
Another, though speculative explanation, to account for a source of Champlain mud at the parting zones is the possibility of diapiric action. As seen in Fig. 8 , two of the three parting zones are in close association with the delta that has formed at the mouth of the Nicolet River. It is well-known that when surficial loading occurs on top of an underlying mobile, high-clay-content sediment such as the Champlain mud, diapiric action can result. A diapir is a dome formation in which the overlying sediments have been split open by pressure from an underlying plastic core. A schematic of the proposed diapiric mechanism to bring Champlain mud to the surface is shown in Fig. 11 .
Diapirs associated with Lake Champlain sediments have been observed penetrating river terrace deposits elsewhere in the St. Lawrence Lowlands ͓17͔. There is also a common association between diapiric activity and in situ gas, which seismic profiling has shown to be contained in significant quantities within the sediments of Lac Saint-Pierre ͓18͔. There is an anecdotal account of water wells on the south shore of the lake encountering explosive gas eruptions during drilling ͓19͔. Both gas and diapirs can result in the occurrence of mud volcanoes, an eruption of wet mud impelled upward by fluid or gas pressure. The sediment parting zones as defined by the STA suggest that either or both of these mechanisms could be taking place to provide a continuous supply of Champlain mud to the lake bed.
Processes
STA provides an empirically derived understanding of sediment behavior based on the relative changes in grain-size distributions and as such can only be used as a guide to the processes that may be responsible for producing the derived patterns of net sediment movement. The transport pathways ͑Fig. 6͒ and the resultant sediment types that are present on the bottom ͑Fig. 3͒ are complex. The corollary to this is that the operating processes responsible for net sediment transport must be similarly complex. For Lac SaintPierre the number and diversity of processes ͑both natural and anthropogenic͒ that are all likely having at least some effect on the transport and deposition of sediments are large ͑Table 4͒.
To date much of the present understanding associated with Lac Saint-Pierre relies on the application of two-dimensional modeling ͓29͔. Modeling of this nature is either oriented in a vertical plane or is vertically averaged. In either case information on three-dimensional ͑3D͒ structure is lost, in the former case 
Process
Description/Discussion ͑1͒ River currents It is clear that downriver currents show little correlation with the derived patterns of transport. This is particularly true inside the dredged channel itself which is known to concentrate high river flow velocities yet there is no STA evidence for any sediment transport occurring down its length. On the contrary, the dredged channel appears to have no affect on the transport paths which in many cases cross from one side to the other. The lack of observable down-channel transport is likely due to ͑1͒ the channel has been dredged into the cohesive Champlain mud, and river currents on their own are either not able to erode it, or if erosion does occur, the material remains in suspension until removed from the lake altogether, and ͑2͒ no sediment or very little is entering the channel from upriver. Although dredging takes place once a year, the amount represents only about 0.05 % of the area of the channel. The material dredged is always coarse sand and is always from the same places each year ͓20͔. The STA indicates that this sand is derived, not from upriver, but is trapped in the channel at the locations where the transport paths cross over it. In this way, the channel is acting as a trap, but only for the coarsest material as the fines are easily washed away downriver as material crosses from the shallows into the deeper, swifter flowing water. No specific current data were available outside of the navigation channel. Downriver currents are known to be less than in the channel; however they appear to be insufficient to activate sediment transport on their own. This is likely due to the mud content contained in most of the sediment types, which is well over 20 %, the minimum amount required to cause cohesive behavior. On the other hand, if other processes superimposed on the river currents become strong enough to activate sediment movement, river currents on their own may well be sufficient to remove fine material in suspension out of the lake altogether.
͑2͒ Back eddies caused by increased currents in the dredged channel
The dredged channel acts as a significant conduit for the main flow of the St. Lawrence River. The increased flow down its length may result in back eddies causing flow reversal over parts of the adjacent shallows. Many of the trends, particularly in TEs 3, 4, 6, and 7 ͑Fig. 7͒, contain upriver pathways adjacent to the dredged channel.
͑3͒ Wind-driven currents and counterflows. The dynamics of wind-driven currents in lakes can be highly complex ͑see, for example, Ref 21͒. Lac Saint-Pierre is subject to considerable wind activity both aligned with the axis of the lake as well as from other directions. The creation of strong surface flows will have the effects of producing counter currents both laterally and within the water column, both of which are likely to influence net sediment transport directions.
͑4͒ Waves Wave induced bottom velocities have been numerically modeled by Environment Canada ͓22͔.
Example outputs from the model demonstrated that large areas of the lake bottom can be subject to orbital velocities of greater 50 cm/s under 35 km/h winds.
͑5͒
Seiches A seiche is a standing wave that can occur when strong winds aligned in one direction or the other down the axis of the lake cause water to pile up at the down-wind end, consequently producing a drop in water level at the upwind end. When the wind dies down the pile of water is released causing it to "slosh" back and forth as a standing wave with one or more nodal points regularly spaced down the axis of the lake. Local fishermen ͓23͔ reported that rapid changes in lake level are known to occur at either end of the lake when strong winds are blowing, supporting the concept that seiches may be operating in the lake. STA work done in Lake Erie, which is famous for its seiches, showed that their presence plays a highly significant role in sedimentation patterns at both of its ends ͓24͔. Lac Saint-Pierre, although much smaller, shares essential similarities with Lake Erie ͑i.e., both are aligned parallel to strong prevailing winds, and both are shallow͒.
͑6͒
Fluctuating lake levels at several temporal scales
All processes capable of moving sediments will be strengthened or weakened according to lake levels. Given that the lake level is constantly changing in all temporal scales, the effects of processes affecting bottom sediments will also be in a state of continual change ͓25͔ because lateral variations are neglected and the latter case because there is no vertical resolution. In Lac Saint-Pierre both vertical and transverse variations are almost certainly important. In particular, reverse flows are very likely in a large variety of situations for which a 2D model would be unable to account for ͓30͔. While 2D modeling is often adequate for riverine systems, only a 3D model can discern possible upriver sediment transport driven by any one of several processes including lake seiches, wind-driven ͑7͒ Tides Although small, tides are present in the lake. As a flood tidal wave is propagated up the ever-decreasing width of the St. Lawrence River, its amplitude increases resulting in a wave that becomes progressively asymmetrical. The flood component of the generated current becomes increasingly short and steep, whereas the ebb drops less steeply and with a longer duration. This asymmetry is clearly seen in lake level hydrographs and may be sufficient to cause reverse flows over areas of the shallows where river velocities are known to be small or nonexistent.
͑8͒ Ice scouring During freezeup and breakup when ice is not fast to the shoreline, large floes may collide resulting in the generation of ice ridges. Corresponding with each ridge is an ice keel that may extend downwards to a depth of as much as nine times the height of the ridge ͓26͔. A moving keel that impinges the bottom can affect sediment movement in a variety of ways. Surface sediment may be bull-dozed into small ridges, which are themselves subject to increased currents and further erosion. Conversely, the newly exposed bottom that has been subject to ice scouring may be compressed, and further transport is more difficult. A grounded keel also has the effect of locally increasing currents around its margins providing preferred sites for bottom erosion ͓27͔.
͑9͒ Increased currents at the ice sediment interface
The junction between the shore-attached ice-foot and floating ice can be a region of increased bottom currents. As the water shallows to the shoreline, both river and tidal currents will become increasingly constricted by the landfast ice cover resulting in faster than normal currents ͓27͔.
͑10͒ Removal by ice of vegetation and sediments
Each winter the entire shoreline area is subject to the development of an ice-foot. In spring, ice that was previously frozen to the ground lifts off the bottom and is carried away. This yearly activity may be important in both removing sediment from the area and exposing new sediment that can then be available for erosion.
͑11͒
The rapid growth of aquatic vegetation resulting in sediment entrapment during the summer Following the removal of the ice-foot and the immediate possibility of increased nearshore erosion, aquatic vegetation grows rapidly with the result that the early spring erosive regime may be quickly changed to one of accretion. As new growth becomes established, fine-grained material in transport may become trapped by the vegetation resulting in deposition.
͑12͒ Ships' propeller scouring within the dredged channel Ships using the St. Lawrence Seaway are required to have a 1 m clearance in the dredged channel ͓28͔. It is highly likely that propeller wash resulting in the erosion and transport of sediment is a continual process affecting the dredged channel.
͑13͒ Dredging and dredge disposal sites providing extraneous sediment sources
Dredgeate from the channel is placed in a number of unconfined disposal sites at various localities on both sides of the shipping lane ͑Fig. 1͒. Such activities are introducing new sediments into the "natural" sediment transport regime and may be affecting the bottom environments elsewhere.
͑14͒ Extreme events
Given the shallowness of Lac Saint-Pierre, any extreme event is likely to play a major role in the erosion, transport, and deposition of sediments. Hurricanes, exceptional rainfalls, and excessive ice years could all be considered as extreme events.
͑15͒ 50 years of shelling the bottom Given that the south half of the lake has been used for 50 years as an experimental firing range, considerable disturbance of the bottom has undoubtedly occurred. It is believed that many shells that exploded on the bottom produced craters possibly a meter or more in depth. The explosion and resultant plume of sediment from the crater likely provided a source of extraneous sediment derived from the complete range of stratigraphy that makes up the Holocene deposits in the lake.
currents, and tidal currents augmented by the restrictions of ice cover, as well as transverse variations due to lateral differences in bottom shears. If it is presumed that in fact, Lac Saint-Pierre ͑LSP͒ is behaving entirely as a riverine system ͑such that it is influenced only by unidirectional currents and incoming sediment from upriver as in a 2D model͒, the lake bottom would be composed of a very small variety of sediment sizes and dominated by fine-grained sediment draped over any bottom physiographic features. The STA would undoubtedly produce a downriver system of transport paths interrupted only by the presence of new sediment sources that might be present. As it turns out, neither of these expected observations is present in LSP. Rather, there is a wide range of sediment types, and while not totally random in distribution, there is a lack of any obvious alignment that is consistent with an interpretation of a unidirectional down-flowing river. This is one of the reasons why some modelers have recognized the limitations of 2D models and are now developing 3D models. In the case of Lac Saint-Pierre, 2D modeling would not appear to be adequate to describe the more complex variety of processes that must be taking place.
Most of the derived sediment transport pathways show net erosion or dynamic equilibrium ͑59 % and 24 %, respectively; Table 2͒ . The bottom of the lake is therefore principally subject to a "high-energy" transport regime ͑see McLaren and Beveridge ͓2͔ for the exact meaning of high-energy transport͒. With the Champlain mud as a continual source being supplied to the bottom through gas or diapiric action, sediment moves down the transport pathways while continuing to lose the finer fractions until it reaches the end point of well-sorted sand. Each pathway may be thought of as the bottom half of a conveyor belt that starts at the outcrops of Champlain mud and finishes at the well-sorted sand deposits. Along the pathway, fines are continually and progressively lost. However, in Lac Saint-Pierre there is no top half to the conveyor belt. The fines have not only been removed from the bottom sediments but have been taken out of the lake altogether probably in the river currents and in suspension.
Such a finding is largely in agreement with previous researchers. Cusson and Latreille ͓14͔, for example, point out that "despite the large volumes of sediments transported, Lac Saint-Pierre does not constitute a significant sedimentation basin, since most of the sediments are carried away again." De Boer et al., ͓31͔ in an investigation of the transport and storage of contaminants, concluded that Lac Saint-Pierre could be expected to "have a short memory of past conditions" and would be expected to recover rapidly ͑within 2 to 5 years͒ following a decrease in contaminant influx. An examination of core data from various locations in the lake indicated that no active sedimentation occurs within the study area ͓32͔.
The concept of high-energy transport throughout the study area suggests a highly mobile and active sedimentary environment. For this reason, the dredge disposal sites on either side of the channel show no sedimentary signature anywhere in the surrounding area. Dredgeate is evidently rapidly dispersed and the coarse sands that are placed there are quickly assimilated into the pathways with no observable affect on the nearby bottom sediments. The same is true for any shell craters that might have resulted at the time the experimental firing took place. During sampling for this study, there was no bathymetric evidence for craters, and there is nothing in the present literature that suggests their presence. In all likelihood, the extreme mobility of the bottom sediments has resulted in their infilling and disappearance.
Relationship Between STA, Trace Metals, and Anthropogenic Compounds
Lac Saint-Pierre is potentially subject to a variety of contaminants. Situated downriver from the major urban center of Montreal and from the high industrial influence at Sorel, it also is the recipient of considerable agricultural runoff. Contaminants are known to associate with the fine fractions of sediments, and thus they are subject to accumulate or disperse according to their transport and dynamic behavior ͓33͔. In the high-energy eroding bottom that dominates the sediments in the study area, particle-associated contaminants in the form of trace metals or anthropogenic compounds would be expected to decrease rapidly down the derived transport pathways ͑Table 1͒ ͓2,34͔. Long-term storage of anthropogenic contaminants inside the study area would not therefore be expected. Furthermore, the STA demonstrates that essentially no outside sediment sources are present for such contaminants even to become deposited within most of the firing range.
31 trace metals were analyzed from the surficial sediments of 74 samples in a 2006 DND survey. 
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Maps of their concentrations ͑for those elements that provided a range of measurements͒ all showed similar patterns; two elements, barium and magnesium, chosen at random are mapped in Figs. 12 and 13. For essentially all the measurable trace metals, concentrations were invariably high in Baie-du-Febvre, the site location of the parting zone ͑P2͒ in TE6 ͑Fig. 8͒ and where Champlain mud is known to be at the surface ͑Fig. 5͒. Unfortunately no samples were taken in the vicinity of P3 in TE7; however it would seem likely that similar high values could be expected in this area. At P1 in TE4 ͑where surficial sediments containing Champlain mud were not found for the STA study͒, several of the nearby trace metal concentrations are relatively high. Otherwise, most of the concentrations outside of Baie-du-Febvre are generally low with only a scattering of relatively high values appearing fairly randomly across the firing range as a whole. These quite likely reflect locations where Champlain mud is at or near the surface. It is interesting to note that a cluster of high values is seen near the shoreline on the west side of Longue Pointe, a location where a large group of transport pathways originates in TE5. Quite possibly Champlain mud is at or close to the surface in this area as well. The distribution of trace metals in the surficial deposits strongly suggests that they originate from Champlain mud in which case they would be expected to decrease rapidly down the eroding transport pathways. That this is occurring is evident both from the surface sample data, which show lower values away from Baie-du-Febvre ͑Figs. 12 and 13͒ as well as in data from cores ͑Fig. 14͒. Separate or average values for trace metals found in the cores all show a steady decline from the Bay to the southwest in the dominant transport direction. Two elements were arbitrarily selected for illustration, chromium ͑Fig. 15͒ and copper ͑Fig. 16͒. The latter was chosen as an element having a particularly poor, but nevertheless significant, correlation ͑r 2 = 0.56͒. Given that the trace metals originate from the early Holocene Champlain mud, it must be concluded that they are not anthropogenic but are already contained within its grain-size distribution. The presence of the clay mode that is found only in the Champlain mud ͑Fig. 8͒ makes it particularly susceptible to attracting cations ͑i.e., trace metals͒. The most probable source for these metals is the middle Ordovician Utica Shale that underlies the entire region and outcrops along the north shore of the lake. This anaerobic black shale, which is also the likely source for the gas contained in the overlying sediments, is known to be rich in many, if not all, of the metals that have been analyzed in the Lac Saint-Pierre sediments ͓35͔. There are two ways for the trace metals to get into the Champlain mud; first, by glaciers grinding up the Utica Shale and providing the sediment for later deposition into the proglacial lake and second by ground water activity, particularly at the time of deglaciation ͓36͔. Both mechanisms were probably involved.
The discovery of compounds that are unequivocally anthropogenic in association with Champlain mud could negate the above proposed conceptual model. However no such data could be found from the research carried out for this study. 
Implications for UXO and Shell Debris
UXO and shell debris, depending on the experimental conditions at the time of firing, can be considered in three different situations.
͑1͒ Following the firing, shell debris, including UXO, might be left on the surface of the lake bottom. Throughout most of the firing range the surficial sediments are in net erosion, and such debris will 
FIG. 18-Concentrations of PCBs measured in surficial sediments (Environment Canada website).
likely remain unburied over time. An exception to this is in the south portion of TE4 ͑Fig. 7͒ where net accretion is occurring in the vicinity of the shoreline ͑area A, Fig. 19͒ . Although it is probable that most of the shell debris will be too large to be moved by the same processes capable of transporting sediments, it is possible that small materials will be transported along the derived pathways. For this reason, the meeting zones associated with the sand bodies could become preferred sites for the accumulation of small, transportable debris ͑areas marked B in Fig. 19͒ . ͑2͒ Following the firing, shell debris, including UXO, might be left buried within the active sediment layer overlying the Champlain mud. The active layer contains the sediment types as shown in Fig.  3 for which the transport pathways ͑Fig. 10͒ have been derived. It appears probable that because the debris is buried in a bottom that is predominantly eroding, they will eventually become exposed on the surface of the lake bottom ͑with the exception of area A, Fig. 19͒ . Geophysical data to derive a depth distribution of metal anomalies, together with a field program ͑or possibly a numerical model͒ to determine the rate of bottom erosion, could provide the means to predict the delivery rate of shell debris to the surface. ͑3͒ If in the event, shell material breaks through the active layer and penetrates the underlying Champlain mud, the debris would remain largely protected from the processes operating in the lake. Eventually, if erosion of the active layer continues to take place the shell debris could ultimately become exposed; however, it is suggested that when compared to shells that are presently in the active layer exposure would take place over a much longer time.
Suggested Future Research
Based on the conceptual model presented by the STA, three lines for further research are presented. ͑1͒ Confirm a geochemical correlation between the Utica Shale and the Champlain mud. ͑2͒ Confirm the presence of diapirs or gas volcanoes as a sediment source in the lake. ͑3͒ Determine the depth distribution of metallic anomalies contained in the sediments together with lake bottom erosion rates to assess the timing of shell exposures. sand, and sand. The Champlain mud contained a unique trimodal distribution with modes in the sand, silt, and clay sizes. Although a small number of Champlain mud samples were found fairly randomly scattered throughout the study region, they were particularly concentrated in Baie-du Febvre and offshore from the Nicolet Delta. A large and fairly contiguous sand body was found to extend obliquely from the southwest shoreline across the firing range to the Nicolet Delta. The other sediment types lay between the Champlain mud outcrops and the sand bodies filling in the rest of the study area. ͑3͒ 237 sample sequences were found to describe the sediment transport regime of the area under study. These were divided into eight separate TEs. ͑4͒ The patterns of transport suggest that only minor contributions of sediments from either the St.
Summary and Conclusions
Lawrence River or from tributaries entering the lake are affecting the study area. The dominant source is the underlying Champlain mud, which, where it outcrops on the bottom, results in sediment parting zones from which all other sediment types found in the lake are derived. As the Champlain mud is eroded from the parting zones, there must be a replenishment mechanism. Diapiric action in which the Champlain mud is forced upward by differential pressure and density is one possibility; another is upward pressure from gas that is known to be contained in the Quaternary sediments of the lake. Quite likely both mechanisms are involved. The locations of two of the parting zones suggest that nearby loading of the Nicolet Delta deposits on the Champlain mud could provide the mechanism to cause diapirs. ͑5͒ With the erosion of the Champlain mud from the parting zones, sediments are transported in more-or-less radiating patterns across the lake. As they are transported, they form a coarsening sequence of sediment types that progressively change from mud, sandy mud, muddy sand, and finally end on the well-sorted sand bodies where the pathways of the different TEs meet. The coarsening sequence is the result of high-energy transport in which fines are progressively removed from the sediments resulting in a bottom that is nearly everywhere undergoing net erosion. ͑6͒ There is a strong relationship between the areas of outcropping Champlain mud and high levels of trace metals. It appears likely that these metals are derived from an underlying geological formation called the Utica Shale, which is an anaerobic black shale known to contain large quantities of such elements. The clay mode that is contained in the Champlain mud offers an extremely reactive material for the bonding of cations ͑trace metals͒. As the Champlain mud is eroded, the clay mode is lost together with its high content of trace metals. Remaining metals will also tend to be removed from the sediments down each of the coarsening transport paths. The Utica Shale is also the probable source for the gas contained in the overlying sediments. ͑7͒ Given the large numbers of shells that have been fired into the lake, there is no specific evidence that they are the cause of trace metals found in the sediments. More likely, any anomalously high values that are occasionally present throughout the firing range are the result of the underlying Champlain mud, which is never very far below the surface of the active layer of mobile sediments. ͑8͒ As would be expected, no anthropogenic compounds could be found associated with the Champlain mud. Furthermore, based on the all the contaminant data sets available, they were also not found anywhere within the firing range. These observations support the conceptual model derived from the STA that indicates ͑i͒ no such compounds are entering the firing range from upriver or from the tributaries and ͑ii͒ if, in times past, such compounds were available for deposition, they have been removed in the high-energy, net erosion environment that characterizes the present lake bottom. ͑9͒ Because of the dominance of net erosion throughout the study area, shells and shell debris that were originally left on the surface of the bottom sediments are unlikely to become buried. One area of net accretion along the southwest shoreline is an exception, and burial would be more probable. Very small ordnance debris could possibly be moved along the pathways, in which case they could become concentrated on the sand bodies that constitute the meeting zones of all the transport regimes. Shells that penetrated either the active layer or the Champlain mud risk eventual exposure on the surface; however the length of time that might be required is still unknown. ͑10͒ Three suggestions for further research are to ͑i͒ confirm the relationship between trace metals in the Utica Shale and those found in the Champlain mud, ͑ii͒ confirm the presence of diapirs or gas as a driving mechanism to bring Champlain mud to the surface of the lake bottom, and ͑iii͒ determine a depth distribution of metallic anomalies contained in the sediments as well as lake bottom erosion rates to assess the timing of exposure of shell materials.
